ABSTRACT: Periventricular leukomalacia (PVL) is the prototypic lesion in the encephalopathy of prematurity. Although PVL is identified by targeting cerebral white matter (WM), neuropathological and MRI studies document gray matter (GM) loss in cortical and subcortical structures. This study aimed to investigate the distribution of GM changes in children with a history of premature birth and PVL. Voxel-based morphometry was used to examine regional GM abnormalities in 22 children with a history of preterm birth and PVL. Preterms with PVL were compared with 22 terms and 14 preterms without PVL of similar GA and birth weight. GM and WM global volumetric volumes were found to decrease in comparison with both control groups. Regional GM volume abnormalities were also found: compared with their term peers, preterm children with PVL showed several regions of GM reduction. Moreover, PVL differed from preterms without PVL in the medial temporal lobe bilaterally, thalamus bilaterally, and caudate nuclei bilaterally. In addition, in our preterm sample with PVL, birth weight showed a statistical significant correlation with decreased GM regions. In conclusion, the voxel-based morphometry methodology revealed that PVL per se does involve GM reductions. (Pediatr Res 69: 554-560, 2011) P eriventricular leukomalacia (PVL) is the most prevalent type of brain injury in the preterm infant. As such, it is associated with long-lasting cognitive, behavioral, and sensorymotor impairments. PVL comprises two different patterns of white matter (WM) injury, focal, and diffuse, and the most frequently affected regions are those located contiguous to the external angles of the lateral ventricles (1). The focal component implies necrosis of WM tissue and, depending on its size, is termed cystic (macroscopic) PVL or noncystic (microscopic) PVL (2). Diffuse PVL, usually presenting as hypomyelination and ventriculomegaly, is due to premyelinating oligodendrocyte loss and subsequent microgliosis and astrogliosis (3).
P eriventricular leukomalacia (PVL) is the most prevalent type of brain injury in the preterm infant. As such, it is associated with long-lasting cognitive, behavioral, and sensorymotor impairments. PVL comprises two different patterns of white matter (WM) injury, focal, and diffuse, and the most frequently affected regions are those located contiguous to the external angles of the lateral ventricles (1) . The focal component implies necrosis of WM tissue and, depending on its size, is termed cystic (macroscopic) PVL or noncystic (microscopic) PVL (2) . Diffuse PVL, usually presenting as hypomyelination and ventriculomegaly, is due to premyelinating oligodendrocyte loss and subsequent microgliosis and astrogliosis (3) .
Although PVL characteristically affects cerebral WM (4), neuropathological studies in PVL samples have shown that gray matter (GM) lesions are frequently present in infants with PVL, indicating that WM injury is often accompanied by GM abnormalities in this preterm population (5, 6) . MRI studies have reported global cortical GM and thalamic volume reductions in preterm neonates with PVL (7) (8) (9) .
Voxel-based morphometry (VBM) is an automated procedure for quantifying GM and WM regional changes from a voxel-by-voxel analysis of MRI data (10) . By using these procedures, we have previously found that premature adolescents without clinical WM lesions had WM reductions in several cortical and subcortical cerebral regions (11, 12) and that prematures at low risk of neurodevelopmental disorders showed GM reductions, mainly involving the temporal lobe (13) . However, this technique has yet to be used in the study of preterm children with PVL.
The aims of this study were to investigate whether regional GM volume decreases were present in preterm children with PVL and, if so, to correlate these changes with clinical data. To exclude the effect of prematurity per se, we included a control group of preterms without PVL and similar GA and birth weight (BW).
METHODS

Subjects.
The study was approved by the Ethics Committee of the University of Barcelona, and informed parental consent was obtained from all children's parents beforehand. Initially, between June 2008 and May 2009, we studied 36 children born preterm with PVL and belonging to a cohort being followed up at the Hospital Universitari Vall d'Hebron (Barcelona, Spain). All the participants underwent an assessment of their cognitive performance and an MRI study at the Hospital Clinic (Barcelona, Spain). They were all aged between 6 and 14 years at the time of the study. Inclusion criteria for this study were preterm birth defined as a GA Ͻ37 wk and signs of PVL demonstrated by neonatal ultrasound (US), plus PVL signs in the current-age MRI study. Exclusion criteria for the preterms with PVL were history of concomitant brain injuries such as grade III/IV peri-intraventricular hemorrhage, birth trauma, malformation, and infectious or metabolic encephalopathies. The preterm children with PVL were selected from a cohort of newborn patients diagnosed with PVL by neonatal US (WM periventricular echodensities present for more than 14 d or evolving into cysts) and born between 1994 and 2003 (n ϭ 75). Causes of exclusion were GA Ͼ37 wk (n ϭ 11), parents did not consent to the participation of their child in the study (n ϭ 15), could not be contacted (n ϭ 21), had received a full intelligence quotient (FIQ) Ͻ70 (n ϭ 2), came for a first interview but declined the MRI (n ϭ 3), or did not show WM impairment in the current MRI (n ϭ 1). Neonatal and current clinical data were retrieved from a standardized database used in the prospective follow-up of the PVL cohort.
We used two different control groups, full-term children and preterms without PVL, from a cohort enrolled in previous MRI studies (13, 14) . Both groups were recruited at the Pediatrics Service of the Hospital Clinic (Barcelona, Spain). Inclusion criteria for preterm children without PVL were GA and BW similar to the PVL group, a preterm birth with absence of major cerebral pathology (such as intraventricular hemorrhage, PVL, or WM injury detected by neonatal cranial US), and absence of neonatal morbidity (severe RDS, mechanical support, necrotizing enterocolitis, neonatal sepsis, or bronchopulmonary dysplasia). Any contraindication for MRI and a FIQ Յ70 were grounds for exclusion in any participant. Full-term children were recruited among the friends or classmates of the preterm children without brain injury. The final sample comprised 22 preterm children with PVL, 14 preterms without PVL, and 22 full-terms, and their mean scores related to handedness, gender, and age at scan did not differ.
MRI acquisition and neuroradiological classification. MRI images were performed on a TIM TRIO 3T scanner (Siemens, Erlangen, Germany). A set of high-resolution three-dimensional T1-weighted and T2-weighted images were obtained (Table 1) .
Two expert neuroradiologists evaluated all MRI scans to detect any brain abnormality in the control groups and to diagnose PVL in the current MRI. The severity of PVL was established in line with a set of criteria based on current MRI findings adapted from Flodmark et al. (15) (see Table 2 ). PVL patients were classified into three groups: mild, moderate, and severe. For the purpose of analysis, patients belonging to the moderate and severe PVL categories were grouped into a single category that we termed "severe PVL."
Image analysis. All the images were processed with automated SPM5 software (Statistical Parametric Mapping; The Wellcome Department of Imaging Neuroscience, Institute of Neurology, University College London, United Kingdom) running in MATLAB 7.0 (MathWorks, Natick, MA). The VBM method (10) was used to compare GM and WM volumes among the three groups (i.e. preterms with PVL, preterms without PVL, and full-term children) using the following steps: 1) the first, manual steps: anteroposterior commissure alignment and image reorienting of all images; 2) whole-brain segmentation of WM, GM, and cerebrospinal fluid (CSF) by means of tissue probability maps. The maps were generated from our own sample to improve the segmentation precision (Fig. 1) . Total intracranial volume (TIV) was computed as the sum of these three cerebral tissues. 3) All the images to be analyzed were imported, and after an accurate registration of the images, we created our own template of the sample. All images were then warped to align them with the template using the SPM5 toolbox, the "Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra" (DARTEL) algorithm (16). 4) Finally, all images were modulated, normalized to Montreal Neurological Institute (MNI) space, and smoothed with a full width at half-maximum of 8-mm Gaussian kernel.
Statistical analysis. Normality and homogeneity tests were first performed for all data. One-way ANOVA was used for normally distributed quantitative variables to compare the three groups of interest. The 2 nonparametric test of independence for categorical variables was applied, as required. Post hoc analyses, when necessary, were applied to the three groups. Depending on homoscedasticity criteria, either a t test with Bonferroni correction or Dunnett C test was used. All statistical analyses were computed using SPSS version 16.0 (SPSS, Inc., Chicago, IL).
For VBM analyses with the DARTEL algorithm, a family-wise error (FWE) correction was applied. Thus, corrected p Ͻ 0.05 was determined as the threshold for statistical significance. Cluster threshold was set at 60 voxels. GM volume comparisons between groups were performed with statistical analyses of covariance. After whole-brain comparisons were performed, contrasts of interest (t test analyses) were the study group compared with preterms without PVL and with full-terms. For the contrast "preterm with PVL Ͻ preterm without PVL," a separate analysis was conducted to investigate any differences at the level of different regions of interest (ROI) in the basal ganglia (caudate, putamen, and globus pallidus) and thalamus, isolating the effect of PVL itself.
As a complement to the GM VBM-DARTEL analysis, WM regional volumes were also studied to investigate whether WM decreased regions in subjects with PVL were adjacent to GM reduced areas. Correlations of decremented regional GM volumes in the PVL preterm sample and clinical data (GA and BW) were performed through multiple regression analyses. Two covariates, age at scan and TIV, were introduced into each statistical design.
RESULTS
Clinical data.
Neonatal and demographic characteristics of the samples are detailed in Table 3 . As expected, full-term children differed significantly in neonatal data compared with both preterm groups. However, no significant differences in gender, laterality, or age at scan were found among the three groups. In accordance with the selection criteria of the preterm subgroups, prematures with PVL did not differ in GA and birth weight. The main clinical and neurological neonatal features of the PVL preterm group are detailed in Table 4 .
Clinical MRI findings. One preterm children with a reported diagnosis of PVL in the neonatal US scan but with a current MRI study showing no signs of brain damage by visual inspection was eliminated from the VBM DARTEL study. Thus, 10 and 12 (seven were moderate and five severe) PVL preterm children were finally assigned to the mild and severe PVL groups, respectively. Visual inspection of the MRI studies of the full-term and preterm without PVL control groups did not reveal any brain abnormality.
VBM-DARTEL results. Global brain volume measurements are presented in Table 5 . There were no differences among the three groups in the TIV or CSF volumes. However, the PVL preterm group showed statistically significant reductions in global GM and WM volumes compared with the preterm group without PVL and full-term children.
GM results. For GM whole brain comparisons, the main effect of group was statistically significant, F ϭ 12.59 (p Ͻ 0.05). Compared with full-term children, the preterm group with PVL had GM reductions in several regions: the left parietal and right frontal lobes, as well as bilaterally in the temporal lobes, including the medial temporal lobe (see in Fig.  2 and Table 6 ).
Compared with preterms without PVL, preterms with PVL had GM volume reductions in the medial temporal lobe bilaterally (see Fig. 2 and Table 6 The ROI analyses showed that compared with preterms without PVL, preterms with PVL had GM reductions in the thalamus ([Ϫ5 Ϫ9 2], t ϭ 5.00, p Յ 0.001; [15 Ϫ26 5] , t ϭ 4.45, p ϭ 0.006) and in the head of the caudate nucleus ([Ϫ6 21 3] , t ϭ 4.88, p Յ 0.001; [12 6 20] , t ϭ 4.78, p Յ 0.001) (see Fig. 3) .
WM results. The effect of group regarding WM whole brain comparisons was also statistically significant, F ϭ 13. Correlation analyses between GM regional volumes and GA did not reach statistical significance at the corrected level. However, when the statistical maps were displayed uncorrected for multiple comparisons, the same temporal areas described for BW were observed as being relevant.
DISCUSSION
To our knowledge, this is the first MRI study in a sample of PVL preterms at school age to have investigated GM regional abnormalities by using an automated approach of MRI analysis. Compared with their term counterparts, preterm children with PVL showed GM reductions in the left parietal and right frontal and temporal lobes bilaterally, including medial temporal regions. Moreover, these medial temporal regions reached statistical significance when PVL children were compared with those preterms without brain injury. ROI analyses also showed differences in this contrast (preterm with PVL Ͻ preterm without PVL) at the caudate nucleus and thalamus bilaterally. Thus, the GM decrements ultimately ascribable to PVL involve medial temporal lobe, thalamus, and caudate bilaterally.
Although cerebral WM is the most commonly affected tissue related to preterm labor (3), GM abnormalities are recognized to occur in the preterm population. Despite the fact that cortical and subcortical decremented GM regions have previously been reported in preterm samples at school age (13, (17) (18) (19) , fewer reports have isolated samples of preterms with PVL to investigate cerebral GM at this time of life. The first study providing evidence of GM damage in association with PVL was carried out by Inder et al. (7) in a group of 10 neonates with PVL. Similar to our findings, they found that, using image-processing algorithms, decrements in total myelinated WM are accompanied by global cortical GM reductions in subjects with PVL compared with preterms without The localization (MNI coordinates) corresponds to one representative voxel of the significant cluster. These coordinates show that x increases from left (Ϫ) to right (ϩ); y increases from posterior (Ϫ) to anterior (ϩ); and z increases from inferior (Ϫ) to superior (ϩ).
* p Յ 0.001. † p Ͻ 0.05.
PVL and to full-term controls. Technical constraints of MRI analysis in the previous decade precluded a regional automatic quantification. In our study, the developmental age at which our sample was analyzed, coupled with the use of modern morphometric techniques such as VBM-DARTEL analysis, allowed the identification of discrete cerebral regions prone to suffer GM loss in a PVL context. When we isolated the effect of PVL per se, we found decrements in subcortical structures such as medial temporal lobe, caudate, and thalamus. In the study by Peterson et al. (17) of 25 children born preterm, the cerebral structure with the highest and most significant percentage of injury was also a medial temporal structure. Interestingly, except for the medial temporal lobe, the pattern of subcortical GM reductions that we observed in vivo concurs with that described in a PVL postmortem study (5) , where neuronal loss in the thalamus and basal ganglia was detected in a group of preterm infants featuring WM gliosis and focal periventricular necrosis. In fact, the thalamus is recognized as a region that is highly vulnerable to damage in preterm samples with PVL (8, 9, 20, 21) , and caudate impairment has been frequently reported in preterm samples (18, 22) . It appears that the decreased thalamic region is, with high probability, the dorsomedial nucleus. Impact to this region has been related to the cognitive outcome in premature samples with WM injury (21, 23) . Marin-Padilla (24) reported in a neuropathologic study that the most impaired regions were those localized adjacent to perinatally acquired lesions, compared with the farthest ones, and that postinjury reorganization could also be affecting neurological and cognitive performance. Neonatal periventricular WM injury in preterm samples might lead to damage of subplate neurons, crucial in thalamocortical and corticocortical connections (25) , and this could result in cortical and subcortical GM reductions. These GM reductions present in preterm samples with WM injury might be also related with the high incidence of seizures reported in preterms with brain injury (26, 27) as is the case for the abnormal cortical reorganization of some GM nuclei after cystic WM injury (28) . Several GM regions in which preterms with PVL showed volume decrements were only correlated with the BW neonatal variable. These findings are in agreement with Cole et al. (29) who proposed that BW is a key marker of prematurity and Taylor et al. (30) who found that BW is the best predictor for long-term outcome. In our cohort, the higher predictive value of BW may be related to a higher incidence of small for GA infants in the severe PVL group. In addition, and as expected, the contrast analysis in which PVL itself was analyzed (compared with preterm children without PVL) showed that the greater the degree of brain injury, the larger the GM volume decrements. It is true that grades I-II intraventricular hemorrhage was clearly more frequent in the PVL than in the non-PVL preterm group, but it is accepted that, in the absence of ventricular dilation, mild intraventricular hemorrhage does not seem to involve additional significant risk of neurological sequelae for any given GA (31, 32) .
Volumetric MRI studies in preterm samples with PVL have also reported WM abnormalities (7, 33) . Corpus callosum decrements have frequently been reported in very preterm subjects without PVL at different ages (34 -37) , including with the use of VBM methodology (11, 38) . In agreement with Davatzikos et al. (39) , we found decrements in the corpus callosum in the group of PVL children group.
This study found several decremented cerebral areas in a sample of PVL preterms at school age by using an automatic approach. However, automatic measurements of cerebral changes from MRI studies in pediatric samples might have several limitations in the segmentation (40) , registration (41) , and/or normalization step (42) , and thus our results might be taken into account with caution. Staudt et al. (43) advised against using GM and CSF volume values in PVL samples, because gliotic scars could be assigned to either GM or CSF. However, recent studies have recommended VBM-DARTEL as an alternative to standard approaches (44, 45) . Specifically, VBM-DARTEL algorithm analyses improve intersubject registration (16) , which is indispensable in preterm samples (13) . This is especially the case for preterms with brain injury, where large ventricles are a common finding that hampers tissue class image alignment (46) . Conversely, the relatively small sample size in our study resulted in a limited statistical power and the need for cautious interpretation of the present data.
Current understanding of PVL encompasses a wide spectrum of brain pathologies, which are reflected in the considerable variation in neurobehavioral outcomes of preterm babies in whom WM damage is readily identified in the neonatal period. Further studies including larger samples with different degrees of PVL are needed to investigate the patterns of WM and GM involvement in PVL subgroups and to identify their predictive values in terms of the development of specific cognitive abilities.
